Abstract-This
INTRODUCTION
The design of mathematical models suitable to describe traffic flow of vehicles on roads or network of roads needs the development and interpretation of experimental results concerning the description of suitable phenomena related to the dynamical behaviours of vehicles on roads.
This paper deals with the modelling by means of macroscopic hydrodynamic equations. The procedure to design models is documented in Sections 4 and 5 of [l] . The method consists in writing the conservation equation for mass and linear momentum and in closing the said equations by suitable phenomenological models (one may call them constitutive equations) suitable to describe the material behaviour of the system regarded as a continuum.
As a matter of fact, one has to be aware that the description of the complex system we are dealing with by equations of continuum mechanics is a crude approximation of physical reality. Indeed, a system of vehicles is not a continuous flow, not even a rarefied flow. Therefore, any result has to be critically analyzed in view of developments, and hopefully, improvements. This matter is critically analyzed in the review paper [2] The interested reader can recover in the above paper additional literature with special reference to engineering sciences.
In more detail, this paper deals with mathematical models which are obtained by a suitable closure of the mass conservation equation. This means looking for a relation between the mass velocity and the local density and density gradients. Examples of mass closures can be found in the literature, e.g., [3-51, and are reviewed in [l] .
The above closure is obtained by phenomenological models which attempt to constrain into simple analytic equations various complex phenomena which characterize traffic flow. A crucial aspect consists in assessing these models on the basis of experimental data.
The analysis developed in this paper shows that at least the following phenomena have to be taken into account.
-Drivers keep their highest velocity until a critical value of the density is reached.
-When the density further increases with respect to the above critical value, then the mean velocity decays monotonically to the value zero reached when the density attains its maximum admissible value. -The driver feels, according to [3] , a local apparent density larger than the real one in the presence of a positive density gradient, and lower in the presence of negative ones.
Section 2 analyzes, on the basis of suitable experimental data, the above phenomena proposing suitable analytic interpretations and identifying the parameters of the said models.
Indeed, it is shown that each phenomenon can be described by a simple analytic model, each characterized by a phenomenological parameter which can be properly identified. This analysis is then exploited in Section 3 to design a new class of evolution models describing the evolution in time and space of the local density and mass velocity. The above analysis is critically revisited in the last section of this paper.
So far, this paper is the first part of a project and, specifically, it deals with modelling; the second part will report about simulations and parameter sensitivity analysis.
ANALYTIC INTERPRETATION OF EXPERIMENTAL DATA
In this section, we consider the analytic interpretation of some experimental results in view of their utilization toward modelling. Specifically, we refer to the so-called velocity diagram which reports the mean velocity versus density obtained by experiments in steady uniform conditions. Consider the one-directional flow of vehicles along a one lane road with length e. Macroscopic quantities of interest are the local density and mass velocity (or the flow) of vehicles. Specifically, consider the following variables resealed with respect to suitable reference quantities so that all independent and dependent variables take value in the domain [0, 11: t is the dimensionless time variable obtained referring the real time to a suitable critical time T taken as the ratio between I and the maximum mean velocity VM which is measured in the almost empty road; x is the dimensionless space variable obtained referring the real space to the length of the lane; u is the dimensionless density referred to the maximum density lz~ of vehicles corresponding to bump-to-bump traffic jam; u is the dimensionless velocity referred to WM.
The modelling of the material behaviour will be developed according to the following procedure.
(i) A certain number of phenomena, somehow related to the velocity diagram, is selected.
Then each physical quantity related to the above phenomenon is referred to the local density profile by a simple analytic expression, which will be called phenomenological model.
(ii) Each phenomenological model will be characterized by one identification parameter only. (iii) The following phenomena will be dealt with.
-The mean velocity TJ of vehicles for low local density, in steady uniform conditions, i.e., for u < uC where U, is a critical value, keeps a constant value equal to the maximum relative velocity: 21 = 1. -The mean velocity 21 of vehicles for low local density, in steady uniform conditions, decays monotonically to zero for increasing density, reaching the value w = 0 for u = 1. -The driver, in steady nonuniform flow, feels a local density U* different from the real one. Specifically, U* is larger than u if the local density gradient is positive, while it is lower when it is negative.
The identification of the parameters related to the above phenomena leads to the identification of a domain rather than to a deterministic value. Indeed, the material behaviour of the system depends on local and temporal variables: hour, weather conditions, etc.
It is plain that additional phenomena may be taken into account to enlarge the potential description ability of the model. On the other hand, the experimental data which are effectively available technically only allow us to deal with the limited number of phenomena which has been indicated above. The identification which is developed in what follows, has been realized on the basis of experimental measurements on the highway Venezia-Mestre. Of course measurements in different highways may provide technically different values of the parameters.
Identification of the Transition Density
As already mentioned, experimental measurements show that, in steady uniform conditions, the mean velocity keeps its maximum value until the density has reached a critical value. This phenomenon is represented in Figure 1 .
Various measurements, in the above-mentioned environment, indicate the following range of the critical value u,: 
Identification of the Decay of the Mean Velocity with the Density
This section deals with the identification of a phenomenological model describing the decay of the mean velocity with the density again in steady uniform flow conditions. This decay occurs for u > u, and tends to the value w = 0 for u = 1.
An analytical model which seems to describe properly the above phenomenon is the following:
Comparisons with the same experimental results, already used above, indicates that (Y is defined in the following range: cy E [l, 2.51. (2.4) Namely, while the flow q is constant along the x-axis the density may change with the x variable. The above identification is a technically difficult problem. In fact, condition (2.4) has to be exploited in order to identify the experimental data which effectively correspond to the said condition. More in details the analysis refers to the phenomenon, already indicated in [3] that the driver adapts the velocity to a personal interpretation u* of the density which differs from the real one. In particular, u* > u in the presence of positive gradients, while u* < u for negative gradients.
The identification process is organized through the following steps. 2. Still according to [4] , it is assumed that the driver adapts instantaneously the velocity of the vehicle to the equilibrium velocity (2.2), where, however, u is replaced by u*. It follows that the mass velocity is given by the following expression: (2.6) where (Y is identified by the procedure indicated in Section 2.2. 3. Experimental data are selected such that condition (2.4), corresponding to a steady flow nonuniform in space, is verified. Then comparisons between experimental data and (2.6) provide the identification of parameter 7.
The above procedure applied to the experimental data reported in Table 1 The preceding section has shown how experimental data obtained in steady space uniform and nonuniform conditions can be properly exploited to identify phenomenological models linking the local mass velocity to local density and density gradients. This section will show how the above result can be exploited to obtain hydrodynamic type models.
Following Sections 4 and 5 of [l] and using the dimensionless variables defined in Section 2, the mass conservation equation is ihi WE0 dt+ ax ' (3.1) and the model is obtained by the above equation properly closed by a phenomenological model linking v to u and 2. In order to define the model, it is useful defining the following step-wise function V(z):
Then, the model is given by the following equation:
where v is defined in (2.6) and g is defined by the following expression:
(3.4
Therefore, a simple model has been obtained exploiting mass conservation. The model being characterized by three parameters uc, (Y, and r] which have been identified as shown in Section 2.
The same model can be written using the flow q as dependent variable. The expression of the equilibrium flow, which is given with reference to equation ( (1 -U)2 (1 -rjuE)2 ax -.
(1 -u) (1 -&)2 ax2 (3.5) (3.6) (3.7)
Model (3.6) is technically equivalent to model (3.3); however, using q as dependent variable allows us, as discussed in [6] , to deal with initial-boundary value problems which exploit relatively more reliable measurements on the boundary.
CRITICAL ANALYSIS
Mathematical modelling of traffic flow phenomena is, as documented and critically analyzed in [2], a difficult task due to the variety of phenomena to be captured into mathematical equations. Various papers, among others [6-lo], have been devoted to analyzing this aspect. Moreover, once a certain number of phenomena have been selected, they are constrained into a phenomenologitally derived equation. The subsequent task consists in the identification of parameters characterizing the above models. This paper has identified the three phenomena listed at the beginning of Section 2. Then, for each of them, a simple analytic model has been proposed. Comparisons with experimental data have identified the above-mentioned parameters.
This result has been used to model a phenomenological relation, between the local mass velocity and local density profiles, used to close the mass conservation equation thus obtaining a self-consistent model for the evolution in time and space of the density of vehicles.
Referring to the identification of the parameters of the above phenomenological models state the following. n A range of values for each of the parameters of the model can be defined as reported in (2.1), (2.3), and (2.7). This means that different flow conditions, related to different hours, weather conditions, etc., correspond to different quantitative description of models, although the qualitative behaviour remains the same. n The range of the parameter r] appears to be greater than the one identified in [5] on the basis of suitable analysis of the way of driving suitable to produce the best comfort of the passengers. This is not a contradiction with respect to [5] . In fact, the domain proposed in this paper contains the domain q E [O.ll, 0.131, which is proposed in [5] . This means that only some drivers are effectively able to perform suitably to optimize comfort. n As we have seen, the identification of the parameter 71 requires suitable information on the qualitative behaviour of the steady solutions obtained letting to zero the time derivative of u in equation (3.3). Definitively, a qualitative analysis may contribute to a deeper understanding of the complex phenomena represented by the equations involving the above parameter. n The fact that the parameters uc, CX, and 7 are identified by domains suggests as possible to design stochastic type models such that the above parameters can be identified as random variables defined by their domain and by the related probability distribution over the said domains, as in [2, 11] . n The analysis of this paper has been limited to the above-listed phenomena. In principle, the same methodologic approach can be followed to describe additional phenomena. The technical difficulty consists in organizing experimental data suitable to the identification of the models related to the conceivable additional phenomena. Stressing this point, we remark that the qualitative description is not effectively useful, unless it is transferred into a quantitative description.
Referring now to the mathematical model proposed in this paper, as it is stated by equation (3.3), where the terms w and g are defined by equations (2.6) and (3.4), respectively, the following remarks and perspective ideas are stated. l The mathematical model was obtained by mass conservation properly closed by a relation linking the local velocity to density conditions. All parameters characterizing the model have been properly identified. Then the model can be effectively applied to real flow simulations. l Simulations should be addressed to analyze quantitatively the sensitivity of the solutions to variation of parameters. This analysis should be related to domain of variability of the various parameters characterizing the model. Analytic methods, e.g., [19] , can be developed to obtain information on the qualitative behaviour of the solutions when the small parameters u, and r] tend to zero.
The above critical analysis, which refers both to the identification of the parameters of the model proposed in this paper and to the application of the model to real flow analysis, indicates various research perspectives. Some of them are already objects of research activity. However, while the above activity is developed, we wish to state that we do not naively claim that the proposed model gives a technical response to the several open problems related to the modelling of the complex system we are dealing with (for instance, to all problems generated by the paper by Daganzo [20] ). W e simply claim that this paper deals with the delicate problem of the interpretation of experimental results and of their use toward modelling by hydrodynamic equations. Special attention has been paid to the identification of parameters related to the presence of a driver on the vehicle.
This topic raised in [20] is often ignored in the pertinent literature.
On the other hand, this paper tackles the above problem with reference to a model sufficiently simple to be effectively handled in real flow simulations. On the other hand, the authors are aware of the fact that alternative simulation approaches can be developed, for instance by dynamical systems [21] related to the microscopic identification of vehicles, or by kinetic type models, such as those reported in the review [l] , which may exploit the class of generalized Boltzmann models reported in [22] . Indeed, we believe that all conceivable approaches have to be properly investigated waiting for a totally reliable approach to traffic modelling. Comparisons between different models can be developed only when all parameters have been properly assessed: the contribution of this paper has been addressed to solve the above identification problems. 
